Motivation: The B-cell receptor (BCR) performs essential functions for the adaptive immune system including recognition of pathogen-derived antigens. The vast repertoire and adaptive variation of BCR sequences due to V(D)J recombination and somatic hypermutation necessitates single-cell characterization of BCR sequences. Single-cell RNA sequencing presents the opportunity for simultaneous capture of paired BCR heavy and light chains and the transcriptomic signature. Results: We developed VDJPuzzle, a novel bioinformatic tool that reconstructs productive, full-length B-cell receptor sequences of both heavy and light chains and extract somatic mutations on the VDJ region. VDJPuzzle successfully reconstructed BCRs from 100% (n¼117) human and 96.5% (n¼200) murine B cells. The reconstructed BCRs were successfully validated with single-cell Sanger sequencing.
Introduction
B cells are an essential component of the adaptive immune system. Specificity of B cells for their antigen is imparted by the B-cell receptor (BCR), which comprises a paired heavy (IGH) and light (IGK or IGL) immunoglobulin chain that differs from cell to cell. Each of these chains contains one of many possible variable (V), joining (J) and constant (C) segments encoded by clusters of genomicallyadjacent genes. Additionally, IGH includes a diversity (D) segment between the V and J segments. The specific combination of genes is selected through genomic rearrangement in a process called V(D)J recombination and occurs during B-cell development (Tonegawa, 1983) .
After V(D)J recombination, naïve B cells are activated by binding an antigen through the BCR. Additional BCR specificity for antigen is generated through a process called affinity maturation, during which somatic hypermutations (SHMs) accumulate in the germline sequence of the V(D)J genes. Preferential mutation occurs in the complementary-determining regions (CDRs) which directly bind to the antigen; the most variable of these is the complementarity determining region 3 (CDR3) which adjoins the V(D)J junction. This region determines the affinity of the BCR for its cognate antigen.
Obtaining high-quality paired BCR sequences along with singlecell transcriptomics is crucial for characterizing the dynamics of B-cell evolution and differentiation during an immune response. Single-cell RNA sequencing (scRNA-seq) enables the simultaneous measurement of these important parameters (Lizotte et al., 2016; Wu et al., 2017) . Similar approaches for the reconstruction of fulllength T-cell receptors (TCRs) have yielded insights into T-cell biology (Afik et al., 2017; Eltahla et al., 2016; Redmond et al., 2016; Rizzetto et al., 2017; Stubbington et al., 2016) .
Here, we present VDJPuzzle, a computational method that reconstructs full-length BCRs from scRNA-seq. This tool extends a software package previously developed to reconstruct TCRs (Eltahla et al., 2016) . The new VDJPuzzle version has been adapted for BCRs and includes additional features to reliably characterize SHMs and link these features to transcriptomic data. A description of the algorithm can be found in the Supplementary Text and Supplementary Figure S1 .
Results
We applied VDJPuzzle to scRNA-seq data from 117 B cells isolated from human peripheral blood mononuclear cells derived from a healthy donor. These B cells were additionally sorted by surface phenotype: 27 transitional, 30 naïve, 30 memory and 30 plasmablast cells were isolated. Successful BCR reconstruction was defined as the identification of a chain with a complete, productive and inframe BCR sequence. VDJPuzzle successfully reconstructed at least one V(D)J sequence of a heavy chain (IGH) and at least one light chain (IGL or IGK) in 100% (n ¼ 117) of cells (Table 1 ). In 10% (n ¼ 12) of cells, both IGK and IGL were identified by VDJPuzzle, consistent with previous findings of isotypic inclusion within the normal B-cell repertoire (Giachino et al., 1995) . VDJPuzzle was also tested on scRNA-seq data from 200 mouse B cells (ArrayExpress E-MTAB-4825). VDJPuzzle reconstructed 193 heavy chains (96.5%) and 200 light chains (100%). Total of 195 cells (97.5%) had at least one IGK, while 8 (4%) had at least one IGL. Three cells (1.5%) had both IGK and IGL chains.
Next, we compared VDJPuzzle against BASIC (Canzar et al., 2017) and BraCeR (Lindeman et al., 2017) in three datasets, utilizing the same rigorous definition of successful BCR reconstruction. All methods achieve high success rate, with VDJPuzzle and BraCeR having comparable very high success rate close or equal to 100% (Table 1, Supplementary Tables S1 and S2 , Supplementary File S1). Using trimmed reads shows similar results with a lower success rate only for BASIC (Supplementary Table S3 ). In order to validate the output of VDJPuzzle, we performed Sanger sequencing of the BCR using single-cell cDNA libraries of the 117 human B cells. After trimming low-quality regions, Sanger sequencing identified 95 heavy and 80 light chains (55 IGK and 25 IGL). Out of the 95 IGH chains, 89 (93.6%) had concordant clonotypes (i.e. identical CDR3 and V-J genes) compared to the corresponding VDJPuzzle-reconstructed BCR. A total of 78 (97.5%) light chain sequences matched the VDJPuzzle result in both CDR3 and V-J genes). In order to assess the accuracy of VDJPuzzle at single-nucleotide resolution and to investigate the discordant clonotypes, we performed global alignments of the VDJPuzzle and Sanger contigs within the VDJ regions. Strikingly, we observed an average nucleotide mismatch rate of 0.099% in heavy chains and 0.004% in light chains ( Supplementary  Fig. S2 ). Further, we obtained a higher mismatch rate when trimmed reads were utilized to run VDJPuzzle (Supplementary Fig. S3 ).
Next, we examined germline mutations as a function of IMGTannotated framework (FR) and CDR regions (Lefranc et al., 2015) . As expected, there were a higher number of SHMs in the CDR regions compared to the FR regions ( Supplementary Fig. S4 ). Further, plasmablasts and memory cells carried more mutations, while naïve and transitional B cells had a lower number of SHMs.
To further demonstrate the utility of VDJPuzzle, we performed unsupervised clustering of the transcriptomic data from human B cells to link BCR mutations with gene expression of B cell subtypes. This analysis showed genes and transcription factors that are known markers of naïve (TCL1A), transitional (CD22), plasmablast (PPIB, MZB1, IGJ) and memory populations (IGHG1) ( Supplementary Fig.  S5 and Text). Further, we linked the aggregate mutation rate across the entire V(D)J region with the gene-expression data from scRNAseq, which identified high SMH cells as plasmablast and memory cells. These analyses could reveal potential novel gene signatures as well as clonotypes associated with B-cell evolution during an immune response.
Discussion
VDJPuzzle achieves a high success rate in reconstructing BCR sequence from scRNA-seq compared to existing methods. We anticipate that simultaneous determination of BCR sequences with transcriptomic signatures will be a promising approach for studying the dynamics of an immune response in heterogeneous populations of B cells. 
